Abstract: Spatial distributions of soil extractable nitrate (NO 3 − ) and ammonium (NH 4 + ) concentrations were related to surface-and ground-water NO 3 − and NH 4 + concentrations in harvested and forested sections of a catchment dominated by trembling aspen (Populus tremuloides Michx.) in the subhumid boreal forest of Alberta, Canada. NO 3 − and NH 4 + concentrations in soils varied spatially throughout the catchment and were larger in surface soils than in subsurface soils. Spatial distributions of soil inorganic nitrogen (N) concentrations were not explained by the harvested versus the unharvested condition; heterogeneity was instead related to topographic position. NO 3 − concentrations in both surface and subsurface soils were largest in ephemeral draws and wetlands. NH 4 + concentrations in subsurface soils were largest in ephemeral draws and wetlands, but this pattern was not apparent for surface soils. Soil NO 3 − and NH 4 + availability and surface-and ground-water NO 3 − and NH 4 + concentrations reflected soil NO 3 − and NH 4 + concentrations. N-rich surface soils in both forested and harvested areas have a large potential for releasing N to surface waters. This study indicates that even though topography is subtle in this catchment, topographic position and its soil moisture relations, along with vegetation demand, can influence N transformation and transport in both forested and harvested portions of the Boreal Plain landscape. − dans le sol, tant en surface que sous la surface, était la plus élevée dans les ravines temporaires et les zones humides. La concentration de NH 4 + dans le sol sous la surface était la plus élevée dans les ravines temporaires et les zones humides mais ce n'était pas le cas dans le sol en surface. La disponibilité de NO 3 − et NH 4 + dans le sol et la concentration de NO 3 − et NH 4 + dans les eaux de surface et souterraine reflétaient la concentration de NO 3 − et NH 4 + dans le sol. Les sols de surface riches en N, tant dans les zones boisées que coupées, ont une grande capacité de libérer du N dans l'eau de surface. Cette étude indique que, même si la topographie est peu contrastée dans ce bassin, la position topographique et sa relation avec l'humidité du sol, combinées à la demande créée par la végétation, peuvent influencer la transformation et le transport de N, tant dans les portions boisées que coupées du paysage de la plaine boréale.
Introduction
There has been a dramatic increase in industrial exploitation of forested lands in the mixedwood Boreal Plain of the western boreal forest in Canada (Alberta Environmental Protection 1998) . Harvesting of trembling aspen (Populus tremuloides Michx.), which has become an important commercial source of fibre in recent decades, is extensive and may impact soil properties and processes in the boreal forests of Alberta (Schmidt et al. 1996; Westbrook and Devito 2002) . To predict, and potentially mitigate, the impact of aspen harvesting on surface water quality in this subhumid region we need to understand the natural variability of nutrient dynamics in aspen forests and the effects of forest harvesting upon this.
Little is known about nitrogen (N) dynamics in aspen forests in subhumid climates. Our understanding of these dynamics comes largely from humid climates on the Boreal Shield, where precipitation exceeds potential evapotranspiration on an annual basis (Buttle et al. 2000 (Buttle et al. , 2005 . Studies from forests in humid climates have shown that timber harvesting may increase soil moisture and temperature, owing to reduced plant uptake and shading; this in turn may lead to increased mineralization and nitrification of organic N (Covington 1981; Hornbeck et al. 1986; Martin et al. 2000) . Several studies have reported large NO 3 − concentrations in runoff following a harvest (e.g., Likens et al. 1970; Wiklander 1981) , while in other studies, only small increases in NO 3 − export have been observed (Vitousek and Melillo 1979; Krause 1982; Miller and Newton 1983) . When NO 3 − concentrations in stream flow have been elevated following harvest, they have generally returned to pre-harvest conditions within several years of the harvest as the vegetation regenerates (Pierce et al. 1972; Bormann et al. 1974; Martin et al. 2000) .
The influence of harvesting aspen in the subhumid Boreal Plain, where precipitation equals or is less than potential evapotranspiration on an annual basis, may be less than is observed in more humid regions (Swank and Johnson 1994) . In subhumid climates, soil moisture storage capacity may not be exceeded in many years, resulting in infrequent hydrologic flushing, with significant surface runoff occurring once every 10-20 years (Devito et al. 2005a ). Infrequent flushing of near-surface soils may result in a buildup of nutrients and thus little difference between harvested and forest portions of a catchment, as has been observed for phosphorus (Macrae et al. 2005) . Furthermore, NH 4 + and (or) NO 3 − may be quickly taken up by aspen, which regrows very rapidly by vegetative suckering following harvesting (Westbrook and Devito 2002) . This could actually lead to a reduction in soil moisture and temperature due to shading and therefore reduced mineralization of organic N and subsequent nitrification. Although Carmosini et al. (2003) measured higher gross N mineralization rates in harvested aspen stands the first year following harvesting, those high gross N mineralization rates were balanced by high rates of N immobilization by microbes and plants, leading to a lack of difference in rates of net N mineralization and nitrification between harvested and forested aspen stands. In contrast, other studies that have been conducted in the subhumid regions of the Boreal Plain have shown higher rates of net N mineralization and larger concentrations of inorganic N in soils of harvested forests (Walley et al. 1996) .
The potential effects of harvesting on N pools and fluxes in soils can be masked by the natural heterogeneity of N dynamics in a catchment. Heterogeneity in soil moisture levels, N pools, and rates of N transformations, including mineralization, nitrification, and denitrification, have all been found to vary with topography (Zak et al. 1986; Groffman and Tiedje 1989; Creed et al. 2002) . Furthermore, different topographic features (e.g., uplands versus wetlands) have been found to have distinct roles as either sources or sinks of N as a result of differences in soil moisture level or vegetation or soil characteristics (e.g., Hill 1996; Devito et al. 1999; Price et al. 2005) . Differences in transformation and distribution of N with topographic position within harvested and forested (uncut) areas within a catchment may confound interpretation of potential effects of harvesting on soil N dynamics. It is therefore important to describe the influence of topographic position and the corresponding soil and moisture characteristics on N dynamics and to discriminate between these and anthropogenic sources of variation in N dynamics in harvested catchments.
For both humid and subhumid regions, what is known about the natural variability of N dynamics in runoff and the potential effects of timber harvesting on these dynamics has been derived from studies that have focused on catchment runoff rather than the distribution of surface and ground waters that may (or may not) contribute to catchment runoff (e.g., Schiff et al. 2002) . Recently, Devito et al. (2005b) highlighted the dominance of soil storage and vertical groundwater fluxes that regulate potential evapotranspiration in hydrologic budgets of the subhumid climates typical of large portions of the Boreal Plain. When horizontal groundwater fluxes occur along the land-to-lake continuum, groundwater (rather than surface water) fluxes may dominate hydrologic and nutrient export Evans et al. 2000) . The effects of harvesting on surfacewater or groundwater N dynamics on the Boreal Plain are not well documented (Buttle et al. 2005) .
We examined the influence of timber harvesting on soil NO 3 − and NH 4 + concentrations and groundwater and surfacewater NO 3 − and NH 4 + concentrations in a topographically subtle aspen-dominated catchment in the subhumid Boreal Forest of northern Alberta. The hydrology and phosphorus dynamics of the catchment have been reported previously (Devito et al. 2005a; Macrae et al. 2005 ). Significant natural variability in precipitation and runoff regimes occurred throughout the study period (Devito et al. 2005a) , providing the opportunity to contrast hydrologic and biogeochemical cycling in relatively dry, wet, and average hydrologic years. The objectives of this study were to answer the following questions: (i) Does topographic position control the distribution of soil NO 3 − or NH 4 + concentrations? (ii) Are differences in soil NO 3 − and NH 4 + concentrations between forested and harvested portions of the catchment larger than among topographic units? and (iii) Is there a relation between the distribution of soil extractable inorganic N concentrations and soil-, surface-, and ground-water and runoff NO 3 − and (or) NH 4 + concentrations in forested or harvested portions of the catchment?
Materials and methods

Study site
This study was conducted in a 53 ha catchment (LLB20) draining into Moose Lake, which is about 250 km northeast of Edmonton, Alberta, in the subhumid climatic region of north-central Alberta (55.1°N, 113.8°W) (Devito et al. 2005a; Macrae et al. 2005) . The regional climate is characterized by warm summers and cold winters, with mean January and July temperatures of -16.7 and 16.3°C, respectively. Longterm mean total precipitation is 462 mm·year -1 , with >60% occurring between June and August as short, localized convective storms (Devito et al. 2005c ). Long-term mean annual potential evapotranspiration (538 mm·year -1 ) exceeds precipitation in most years (Environment Canada 2002) . Total precipitation from 1997 to 2001 was 486, 329, 318, 529, and 444 mm·year -1 (Devito et al. 2005a ). In the first year post harvest (1997), soils were saturated following a very wet year and there was significant annual runoff (251 mm·year -1 ). In contrast, runoff was 12, 2, 2, and 1 mm in 1998, 1999, 2000, and 2001, respectively. LLB20 is a first-order catchment with three subcatchments containing ephemeral streams that drain into a minerotrophic mixedwood wetland prior to draining into Moose Lake (Fig. 1) . Well-drained uplands are dominated by Gray Luvisols and Eutric Brunisols, while poorly drained low-lying areas are dominated by Gleysols and organic soils (Carmosini et al. 2003; Devito et al. 2005a) . Soil profiles in uplands consist of forest floor (litter-fibric-hemic layers;~10 cm) and A horizons. The A horizons contain a mixture of organic material and fine sand and silt. Below 20 cm, the B horizons consist of sandy clays that extended to at least 130 cm depth in most areas of the catchment. Soil profiles in low-lying areas, ephemeral draws, and wetlands contain an organic (peat) horizon (~30 cm) underlain by mineral horizons containing a mixture of sandy clays and organic material. Trembling aspen is the dominant tree species, with small amounts of white spruce (Picea glauca (Moench) Voss) in the southeast portion of the catchment. Balsam poplar (Populus balsamifera L.) and paper birch (Betula papyrifera Marsh.), with some black spruce (Picea mariana (Mill.) BSP) and tamarack (Larix laricina (Du Roi) K. Koch), occur in ephemeral draws and wetlands.
Approximately 50% of the study catchment ( Fig. 1 ) was harvested in winter, when the ground was frozen, as part of the Terrestrial and Riparian Organisms, Lakes and Streams research project (Prepas et al. 2001) . Timber harvesting occurred in January 1997 in portions of the three subcatchments within the study catchment. Two subcatchments were >70% harvested and a small portion (<35%) of the upper reaches of the third subcatchment was harvested. The forest in the extreme upper reaches and the lower portion of the catchment, including the minerotrophic mixedwood wetland in its lower reaches, was not harvested (Fig. 1 ). Trees were cut by feller buncher and logs were skidded to nearby roads and landings. Only one main harvesting haul road was constructed, which ran roughly midway through the harvested block perpendicular to the slope (Fig. 1) . Logging slash and herbaceous growth were not removed from harvested areas. Rapid forest regeneration occurred in the harvested blocks, with suckers of trembling aspen exceeding 30 cm in height by the end of the 1997 growing season and 1 m in height by the end of the 1998 growing season (Devito et al. 2005a ).
Soil sampling
Twenty sampling transects of 100 m length were established along topographic positions with a range of slopes, including uplands (upper-and mid-slope positions), lowlying areas (low-slope positions and flats), and ephemeral draws and wetlands in both forested and harvested portions of the catchment (Fig. 1) . Along each transect, five locations (20 m apart) were sampled at two depths. In uplands, low-lying areas, and ephemeral draws, the surface sample consisted of the litter-fibric-hemic layer, while the subsurface sample consisted of the upper mineral soil (0-10 cm depth of the A and B horizons). In wetlands, the soils were predominantly organic and samples were collected at 0-10 and 10-20 cm depths. Soil samples were collected on all transects in July 1998 and June and August in 1999. Of the original 20 transects, one was sampled in 1998 only and two were relocated during the study. Soil cores were collected on a subset of 10 transects in June 2000 and seven transects in June 2001.
Soil samples were analyzed for moisture content, bulk density, and KCl-extractable NO 3 − and NH 4 + concentrations. Soil-core samples were placed in bags and hand-mixed until visually homogenized, and a subsample of approximately 5 g (dry mass) was removed. Subsamples were extracted in 50 mL of 2M KCl for colorimetric analysis of NO 3 − and NH 4 + using a Technicon Autoanalyser (Technicon Industrial Systems 1973a , 1973b . The remaining core sample was dried to determine gravimetric moisture content and determine bulk density using the dimensions of the core sampler. All moisture contents are reported as volumetric moisture content (m 3 ·m -3 ). To determine NO 3 − and NH 4 + availability, ion exchange resin bags were placed at the interface of the litter-fibrichemic and mineral soil, or at 10 cm depth in organic soils, within 0.30 m of soil-extraction cores at five locations along eight of the 27 transects in 1998 (after Binkley and Matson 1983) . Resin bags contained 45 mL of Amberlite IRN-150 (Sigma Chemicals) mixed-bed resin (25 mmol/L) enclosed in nylon-stocking bags and were charged by soaking in 50 mL of 1 mol/L NaCl three times. After 4 weeks' incubation, the resins were extracted by shaking with 100 mL of 2 mol/L KCl for 90 min and filtered through a Whatman No. 42 filter. Extractants were subsequently analyzed for NH 4 + and NO 3 − using a Technicon Autoanalyser (Technicon Industrial Systems 1973a , 1973b .
Surface water and groundwater
The monitoring of surface runoff, saturated areas, and groundwater is detailed in Devito et al. (2005a) . Runoff was sampled at weirs that were installed in the ephemeral streams in the catchment. Surface water was sampled from a network of standing pools that formed throughout the study. Lysimeters to capture shallow subsurface flow were installed in the top 10 cm of the soil at the base of hill slopes and near the outlets of subcatchments A (forested) and B and C (harvested). Lysimeters were constructed from 50 mm i.d. ABS pipes screened between 0 and 10 cm beneath the ground surface and sealed at the bottom with PVC caps. Groundwater was sampled from piezometers and wells. Piezometers were constructed from PVC pipe (19 mm i.d.) coupled to 0.2 m diameter slotted and shielded PVC heads. Piezometers were inserted into prebored holes at 0.5 m depth intervals to 4 m depth, or until the confining material was intercepted, and then sealed with bentonite clay over the interval from the ground surface to the top of the screened portion to ensure that no surface water entered the piezometer. Wells were inserted into prebored holes extending into the underlying confining material at approximately 2-4 m depth and backfilled with aggregate (Devito et al. 2005a ).
Significant surface saturation and surface runoff occurred only in 1997 and early 1998 (Devito et al. 2005a) . Standing water that collected in shallow depressions and draws throughout the catchment was sampled from April to June in 1998 and 1999. Surface water was collected using a coarse filter, and care was taken not to disturb the sediments. Surface samples from near wells and groundwater samples were collected approximately every 2 weeks from May to October in 1997 and 1998. Samples were collected between April and September six times in 1999 and three times in 2000 and 2001. Wells and piezometers were purged the day before sampling. Piezometers were sampled with a tube attached to a Nalgene Erlenmeyer flask and hand vacuum pump or to a syringe with a three-way valve chain, and wells were sampled with a Nalgene bailer attached to a stainless-steel chain (Evans et al. 2000) . All containers were prewashed with 10% HCl and prerinsed with distilled water and sample. All samples were kept on ice for 12-48 h until prepared for analysis. Samples were filtered through 0.45 µm Millipore membrane filters and stored at 4°C. NO 3 − and NH 4 + concentrations were determined using a Technicon Autoanalyser (Technicon Industrial Systems 1973a , 1973b .
Statistics
Because of the non-parametric nature of the data, temporal and spatial variability in soil NO 3 − and NH 4 + concentrations from 1998 to 2001 was examined using box-andwhisker plots. The spatial analyses of interactions between harvested and forested treatments and topographic features were conducted using the non-parametric equivalent of the two-way ANOVA (Sheirer-Ray-Hare test; Sokal and Rohlf 1995) . For the Sheirer-Ray-Hare test, the five sampled sites on each transect were classified into one of three slope classes or topographic positions: uplands (slope >5°), lowlying flats (slope 2-5°), and ephemeral draws and wetlands (slope <2°). Soil moisture content was found to vary among these topographic classes in a previous study (Macrae et al. 2005) . If there was a significant difference (p < 0.05) in soil NO 3 − or NH 4 + concentrations among the three topographic classes in the harvested versus forested areas, then a MannWhitney U test was conducted to identify the source of this significant difference. + concentrations between mineral and organic soils and with depth were consistent with those found in other studies of boreal aspen forest soils covering subhumid to humid climates (e.g., Huang and Shoenau 1996; Carmosini et al. 2003) .
Results and discussion
Measurements made in July 1998 and June and August of 1999 showed no significant differences in surface and subsurface soil NO 3 − and NH 4 + concentrations between harvested and forested portions of the subcatchments (Table 1, Fig. 2 ). This trend held for the 5-year period covering a wet and dry cycle (Fig. 2) .
Soil NO 3 − concentrations were related to topographic position (Fig. 2) , and were smallest in uplands and largest in ephemeral draws and wetlands. This is likely an effect of topographically driven soil moisture, given that soil moisture is related to the slope of the topographic position in this catchment (Macrae et al. 2005) . The Sheirer-Ray-Hare test showed significant differences in both surface and subsurface soil NO 3 − concentrations among topographic classes (Table 1) . Mann-Whitney U tests (Table 2 ) indicated significant differences between the three topographic classes (p < 0.05), with the smallest concentrations in the upland areas, intermediate concentrations in the low-lying areas, and largest concentrations in the ephemeral draws and wetlands (Fig. 2) .
The observed pattern of soil moisture levels and topography and soil NO 3 − concentrations (Fig. 2) can be expected in headwater catchments in subhumid or semi-arid climates, as annual water deficits can result in wetlands and draws that drain regularly (Devito et al. 2005a (Devito et al. , 2005b . Wetlands and draws may represent areas where moisture is sufficient for nitrification and buildup of soil NO 3 − but over extended periods may not be enough to facilitate denitrification. This contrasts with findings from the eastern boreal forest, where soil NO 3 − concentrations were small throughout a catchment and smallest in wetlands because of waterlogged conditions, which inhibit nitrification and promote denitrification (Hill and Shackleton 1989; Devito et al. 1999 ). However, wetting and drying periods can shift N transformation from denitrification to nitrification and result in large NO 3 − concentrations in soils and streams with rewetting in humid climates (Devito and Dillon 1993; Creed et al. 1996; Hill and Devito 1997; Ohrui and Mitchell 1998) .
Surface-soil NH 4 + concentrations tended to be similar among the topographic classes (Tables 1 and 2) , whereas subsurface-soil NH 4 + concentrations varied with topographic position (Tables 1 and 2 ). In subsurface soils there was no significant difference between upland and low-lying areas but there was a significant difference (p < 0.000) between these two topographic classes and ephemeral draws and wetlands (Table 2, Fig. 2) .
In more humid eastern areas, soil NH 4 + concentrations are expected to be smaller in ephemeral draws and wetlands because of the higher immobilization rates, with high C:N ratios and waterlogged soils causing the lower mineralization rates that characterize these topographic features (Patrick 1982; Devito et al. 1999; Ohrui et al. 1999; Westbrook and Devito 2002) . However, in this subhumid region, flushing does not occur and the wet-dry cycles that occur in ephemeral draws and wetlands can raise gross NH 4 + mineralization rates and lower NH 4 + immobilization rates during rewetting of soils, thereby increasing soil NH 4 + concentrations in these locations following a hydrologic event (Devito et al. 1999) . In general, soil moisture levels are below or near the critical threshold (i.e., 25%) above which mineralization can occur. NH 4 + concentrations are larger in subsurface soils of wetlands and ephemeral draws than in upland subsoils because deep organic deposits are present in wetlands but not in mineral subsoils in upland areas (Devito and Dillon 1993) .
In general, longer term temporal trends in soil NO 3 − and NH 4 + concentrations corresponded to year-to-year weather variability rather than to time following harvest (Fig. 2) , as indicated by the lack of a significant interaction between treatment and topographic position ( ization with harvest, or that differences in N mineralization were offset by rapid microbial immobilization and (or) aspen regrowth. Previous studies have shown that at least one growing season must pass before appreciable increases in N mineralization occur following a harvest (Kimmins 2004 ), but that increases in N mineralization are limited to the first few years following a harvest because plant regrowth causes the microclimate at the soil surface to quickly return to preharvest conditions (Marks 1974; Covington 1981) . Our results suggest that any increase in soil NO 3 − and NH 4 + concentrations which occurs after a harvest is followed by a decline within a year, likely because of rapid regeneration of − and NH 4 + concentrations are given for the forest floor (b and d, respectively) and subsurface soil layer (c and e, respectively). The 25th, 50th, and 75th percentiles are indicated by boxes and the 10th and 90th percentiles by whiskers. Soil NO 3 − and NH 4 + concentrations are based on all available data (i.e., five sampling sites on 20 transects in 1998 (n = 100), 19 transects in 1999 (n = 95 in June and August), 10 transects in 2000 (n = 50), and 7 transects in 2001 (n = 35)); "nd" denotes sites and sampling dates where samples were not collected.
aspen and (or) microbial immobilization (Carmosini et al. 2003) .
Spatial variation in NO 3 − availability, as indicated by ion exchange resin bags (Binkley and Matson 1983) , showed no difference between the harvested and forested portions of the catchment, but there were substantial differences along the topographically driven moisture gradient between organically rich wetlands and ephemeral draws and mineral soils of upland and low-lying slopes (Fig. 3) . Spatial trends in NO 3 − supply rates suggest low availability in uplands and low-lying areas but high availability in ephemeral draws and wetlands. This pattern is consistent with the higher soil NO 3 − pools observed in ephemeral draws and wetlands (Fig. 2) , suggesting that the observed spatial differences in soil NO 3 − concentration are due to differences in NO 3 − production in repeatedly exposed deeper organic soils (Hill and Devito 1997 ) rather than to NO 3 − immobilization or vegetation uptake.
Spatial trends in NH 4 + availability, as indicated by ion exchange resin bags, showed substantial differences between the harvested and forested sections in upland portions of the catchment, but no differences along the topographically driven moisture gradient (Fig. 3) . In harvested areas, higher NH 4 + availability (Fig. 3 ) combined with lower soil NH 4 + concentrations in upland locations relative to other topographic positions within the catchment suggests greater vegetation uptake or immobilization. Although this pattern could also be explained by leaching of NH 4 + from upland areas, this is unlikely given the large soil moisture storage potential and low runoff rates observed in this region (Devito et al. 2005a ) and the fact that there is no difference in soil moisture in surface soils between the forested and harvested sections of the catchment (Macrae et al. 2005) . The work of Carmosini et al. (2002) in a nearby catchment showed that gross mineralization rates were higher in harvested areas than in forested areas, but these were matched by high immobilization rates, resulting in lower net N mineralization rates in harvested aspen stands. Although immobilization rates are high, uptake of available NH 4 + by aspen suckers may also explain the lack of difference in soil NH 4 + concentrations between forested and harvested areas, which suggests that in the absence of aspen suckers, the increased 
NH 4
+ in soils following harvesting could be released to runoff during wet periods. A recent review by Schimel and Bennett (2004) also emphasizes the importance of soil organic N as a source of N for both vegetation and microbes. A key question that emerges from this is whether soil organic N pools change in harvested areas. Carmosini (2000) did not observe differences in soil total organic N between the harvested and forested sections of a nearby catchment. In the present study, levels of dissolved organic N in surface water and groundwater are high in both forested and harvested areas (Fig. 4) . However, in light of changing views of N cycling (Schimel and Bennett 2004) , distributions of organic N between forested and harvested areas should be considered in future studies.
N patterns in surface water and runoff
Organic N concentrations in surface water and groundwater are large (528-4570 µg N·L -1 ) and are often the dominant form of total dissolved N in this catchment (>85% in surface soils, 27%-75% in mineral subsoils). Although organic N has been shown to increase (e.g., Qualls et al. 2000; Nieminen 2004) or decrease (Hannam and Prescott 2003) following clear-cutting, the influence of harvesting on dissolved organic N in surface runoff and groundwater in catchment LLB20 are difficult to determine because of the high variability and generally high values throughout (Fig. 4) .
NO 3 − and NH 4 + concentrations in surface water and runoff closely matched soil distributions. Similar to patterns observed in soils, NO 3 − and NH 4 + concentrations in lysimeters capturing runoff at the forest floor -mineral soil interface on low-lying slopes were highly variable but did not differ between the forested and harvested sections of the catchment (Fig. 5) . One lysimeter in the harvested section of the catchment had much larger NH 4 + concentrations than other lysimeters in both the harvested and forested sections of the catchment. This lysimeter was likely located in an area with elevated production of NH 4 + (i.e., a hot spot) and the high values observed are a result of natural spatial variability. The occurrence of such areas (hot spots) is apparent from patterns in surface runoff throughout the catchment in both the harvested and the forested areas (Figs. 6 and 7) .
Surface runoff occurred in 1997 and 1998 but little was observed in 1999-2001. As the catchment dried out in 1998, NO 3 − (Fig. 6 ) and NH 4 + (Fig. 7) concentrations in standing water in ephemeral draws and wetlands during 1997 and 1998 were variable and high, often exceeding 500 and 1000 µg·L -1 , respectively, but did not differ noticeably between the harvested and forested areas. This is in contrast to the results of work in other forest regions, where several studies have shown increases in NO 3 − in runoff following a harvest (Likens et al. 1970; Vitousek and Melillo 1979; Krause 1982; Miller and Newton 1983) .
NO 3 − and NH 4 + concentrations at the catchment outflow (Fig. 8) were similar to those observed in the lysimeters (Fig. 5) and most surface-saturated areas (Figs. 6 and 7) , although concentrations at the outflow were not as large as those observed in some hot spots throughout the catchment. It appears that in 1998 there may have been more NH 4 + moving from forested (versus harvested) areas, although soil concentrations do not indicate a difference between the harvested and forested sections of the catchment. This may be attributed to the organization of soil-NH 4 + -rich sections of the catchment with respect to the connectivity of surface flow in forested areas compared with harvested areas during this time period (Devito et al. 2005a) .
Overall, our results indicate that the potential for N release to receiving waters is similar in harvested and forested areas during wet conditions and this is attributable to N-rich surface soils in the study catchment. However, in most of the study years, drainage networks were not well connected and subsurface flow paths were predominant, thereby limiting N export to receiving streams and lakes in most years (Devito et al. 2005a) .
N patterns in groundwater
Like those in soil extracts, NO 3 − and NH 4 + concentrations in groundwater influenced by soils over a range of depths were variable but showed no consistent differences between harvested and forested areas (Tables 3 and 4 ). There was high temporal variability in NO 3 − concentration in groundwater, with consistently higher NO 3 − concentration pulses (>500 µg N·L -1 ) observed in ephemeral draws and wetlands with organically rich soils ( Table 3 ). The elevated concentrations were likely the result of water-table drawdown, where conditions became oxic and higher rates of nitrification occurred (Kalef 2002) .
There was large temporal variability in NH 4 + concentration in shallow and deep groundwater among topographic positions and in emerging springs, with elevated concentrations observed at all depths in both harvested and tacked forests (Table 4) . Consistently large minimum NH 4 + concentrations (>300 µg N·L -1 ) were observed at depth in wetland organic soils and below springs, which occurred largely in the forested rather than the harvested portion of the catchment. Thus, natural spatial variability in soil characteristics within the catchment may confound the comparison of harvested and forested areas because it appears to override the effects of harvesting.
Although soil N decreased with depth, groundwater N generally did not. This contrasts with observations in eastern boreal areas, where there is a strong decrease in concentration with depth, owing to flushing of groundwater NO 3 − and NH 4 + at deeper layers by lateral flow and resulting in larger NO 3 − and NH 4 + concentrations in organic soils at the surface because of infrequent flushing (e.g., Creed et al. 1996) . The fact that groundwater N did not decrease with depth may reflect low water movement and (or) that the study catchment is an area of groundwater recharge (Kalef 2002; Devito et al. 2005a) , where groundwater flow is vertical to a depth of 2 m and lateral flushing is reduced.
The consistent high concentrations observed in groundwater NH 4 + concentrations with depth have been observed in organic deposits of peatlands on the Boreal Plain (Vitt and Bayley 1984) as well as in other wetlands (Patrick 1982; Devito and Dillon 1993) . In the Boreal Plain of Alberta there are accumulations of buried organic compounds and coal seams together with reworked glacial material. Consequently, larger NH 4 + concentrations are observed in deeper groundwater in some areas. Also, some surficial geological features in glaciated Alberta have very large NO 3 − concentrations that occur naturally (Hendry et al. 1984; Fujikawa and Hendry 1991) . These characteristics, as well as the influence of groundwater recharge on groundwater N concentrations, may override the relations of groundwater N concentration with depth that has been shown in eastern boreal areas. Preliminary studies at catchment LLB20 indicate that deep groundwater may provide an important pathway for higher N concentrations from recharge or buried substrates to be transported within and exported from the catchment (Devito et al. , 2005a Kalef 2002) .
Conclusions
In our study, timber harvesting had little net effect on soil 
NO 3
− and NH 4 + concentrations in this aspen-dominated subhumid catchment. No difference in soil NO 3 − and NH 4 + concentrations was observed between the harvested and forested sections of the catchment over a 4-year period following harvesting. Spatial variation in soil NO 3 − and NH 4 + concentrations among topographic features representing a moisture gradient from upland to wetland was much larger than the differences between harvested and forested sections. The largest soil NO 3 − and NH 4 + concentrations occurred in ephemeral draws and wetlands, most likely because of high mobilization rates during wetting and drying of organically rich soils (Kalef 2002) . The spatial patterns of soil NO 3 − and NH 4 + concentrations and soil available NO 3 − and NH 4 + indicate that even though relief is subtle in this catchment, and in mixedwood forests of the Boreal Plain in general, slope or topographic position and differences in soil organic compounds and moisture level influence N pools and their transformations and should be considered when sampling to 1997 JULY 1997 AUG. 1997 SEPT. 1997 MAY 1997 MAY 1998 JUNE 1998 JULY 1998 AUG. 1998 SEPT. 1998 OCT. 1998 MAY 1999 JUNE 1999 AUG. 1999 JULY 1997 AUG. 1997 SEPT. 1997 MAY 1997 MAY 1998 JUNE 1998 JULY 1998 AUG. 1998 SEPT. 1998 OCT. 1998 MAY 1999 JUNE 1999 AUG. 1999 JULY 1999 NH concentration assess the impacts of timber harvesting on N dynamics in the Boreal Plain.
N concentrations in soil water, surface water, groundwater, and runoff reflected the extractable inorganic N concentrations in surface soils, suggesting that there is a large potential for the release of N to surface runoff should wet conditions occur. Large N concentrations observed in soils and surface water and groundwater indicate that the potential for N export during wet periods is high in both harvested and tacked forest. However, subhumid climatic conditions and rapid aspen regeneration limit the potential for surface runoff. In dry years, groundwater fluxes may be an important pathway by which N is exported. Further study of soil N dynamics and surface water -groundwater interactions on the Boreal Plain of Alberta is necessary, as hydrological and biogeochemical cycling in this landscape is not consistent with patterns observed in more easterly boreal regions. ) in groundwater samples collected from uplands, ephemeral draws, wetlands, and springs in harvested (H) and forested (F) areas within the catchment.
